6-Bromoindirubin-3 0 -oxime (BIO), which is one of the glycogen synthase kinase 3 inhibitors and a key regulator of numerous signaling pathways, was reported to be capable of maintaining the pluripotency of human and mouse embryonic stem cells. Presently, it is unknown whether BIO can influence the derivation of porcine embryonic germ (EG) cells. In this study, porcine primordial germ cells (PGCs) were isolated from gonads of 24-and 28-day embryos, and were then treated with BIO either individually or in combination with other cytokines (stem cell factor (SCF), leukemia inhibitory factor (LIF), and fibroblast growth factor (FGF); abbreviated as '3F'), and the effects of the treatment on the proliferation ability of porcine PGCs at early stage were examined using 5-bromo-2-deoxyuridine (Brdu) immunostaining assay. After continuous culture, the effects on the efficiency of porcine undifferentiated EG cells in the third passage and differentiated EG cells from embryoid bodies were examined as well. The results obtained through the observation of the Brdu-labeled PGCs indicated that BIO in combination with 3F resulted in a significant increase in the mitosis index, and also indicated that the BIO in combination with 3F had a higher efficiency in promoting the formation of porcine EG colony derived from porcine day 24 PGCs than BIO used either individually or in combination with LIF. In addition, BIO in combination with 3F exhibited the apparent anti-differentiation activity by reversing the differentiated EG cells to the undifferentiated status. Our results demonstrate that BIO in combination with SCF, LIF, and FGF could significantly contribute to the establishment of a porcine EG cell colony and maintain the undifferentiated status.
Introduction
Primordial germ cells (PGCs) are precursors of embryonic germ (EG) cells that are a highly specified cell lineage, and may differentiate into spermatozoa and oocytes (Wylie 2000 , McLaren 2003 . EG cells share common features with embryonic stem (ES) cells, including morphology, alkaline phosphatase (AP) activity, and capacity for self-renewal and in vitro differentiation. Establishment of ES or EG cell lines of the domestic pig would be very useful in biomedical research, such as establishing models for human physiology and pathology, and producing transgenic pigs and chimera pigs. Several attempts have been made to establish EG cell lines of the pig (Shim et al. 1997 , Durcova-Hills et al. 1998 , Piedrahita et al. 1998 , Tsung et al. 2003 , Rui et al. 2006 , Ahn et al. 2007 , Petkov & Anderson 2008 , but no germline chimeras have been reported yet.
Many growth factors or cytokines are involved in the establishment of porcine EG cell lines, such as leukemia inhibitory factor (LIF), fibroblast growth factor (FGF) and stem cell factor (SCF). The combination of these three growth factors has also been used to promote the growth of porcine PGCs for a long time (Tsung et al. 2003 , Kawase et al. 2004 , Petkov & Anderson 2008 . However, previous reports also indicated that these cytokines are not required to support porcine PGC proliferation on the STO feeder layer (Shim et al. 1997 , Shim & Anderson 1998 . Presently, it is unclear whether these cytokines are more effective in maintaining porcine EG cells in the undifferentiated status, or whether other extracellular cues could intensify the cross-talk among these cytokines to control pluripotency. Previous reports showed that 6-bromoindirubin-3 0 -oxime (BIO) is an inhibitor of glycogen synthase kinase 3b (GSK3B) that activates the WNT signaling pathway, and that it is the only compound known to sustain pluripotency of both human and mouse ES cells (Sato et al. 2004 , Dravid et al. 2005 , Anton et al. 2007 . BIO exerts its effect through the activation of a series of key downstream factors, which finally results in the activation of transcriptional genes, such as POU5F1 (OCT4) and NANOG (Cole et al. 2008 , Tam et al. 2008 . Both POU5F1 and NANOG are intrinsic transcription factors, which are used as pluripotent factors to maintain the undifferentiated status of mammalian ES or EG cells. Thus, the inhibitor of GSK3 can finally regulate the expression of key ES cell transcription factors. In addition, the inhibitor of GSK3 may severely impair the differentiation of mouse ES cells into three germ layers (endoderm, ectoderm, and mesoderm) through the activation of catenin signaling (Doble et al. 2007 ).
Owing to the complicated signaling communication between multiple signaling pathways and BIO (Sato et al. 2004 , Katoh 2006 , Ogawa et al. 2006 , little is known at present regarding which combination of BIO is effective in the derivation of a porcine EG colony. In this study, porcine PGCs were isolated from a mixture of gonads from male and female embryos aged 24 and 28 days. The potential use of BIO in the maintenance of porcine EG cell colony in culture was investigated by using it either individually or in combination with LIF or a mixture of three cytokines, LIF, SCF, and FGF, and this allowed us to understand the effect of GSK3 inhibitor on undifferentiated porcine EG cells.
Results
The effect of BIO on the proliferation ability of porcine PGCs 5-Bromo-2-deoxyuridine (Brdu) incorporation assay was performed to compare the differences in the proliferation potentials of porcine day 24 PGCs at early stage. We chose the second day in the primary culture as the treatment time because it is the key stage when individual PGCs seeded on murine embryonic fibroblast (MEF) feeder begin to proliferate. The isolated porcine PGCs were plated under limiting dilution (0.1 embryos/ well) on the 24-well plates in order to facilitate the counting. Then, PGCs were subjected to Brdu immunostaining 20 h later. The PGCs that stain positive in the Brdu immunostaining represent the actively mitotic PGCs (Fig. 1) . To quantitatively assess the proliferation ability of porcine day 24 PGCs, positive Brdu-labeled PGCs per the total PGCs were treated as the mitosis index for further statistical analysis among groups. To gain an accurate calculation, the total PGCs with reference to the adherent PGCs before Brdu immunostaining were counted.
The results showed that the mitosis index (26.8%) in the group treated with BIO in combination with 3F was significantly higher than that in other groups (7.0, 9.1, and 18.9%). In addition, the mitosis index in the group treated with 3F only (18.9%) was significantly higher than that in the group treated with BIO either individually (7.0%) or in combination with LIF (9.1%), whereas no obvious difference existed in the groups treated with BIO only (7.0%) and with BIO in combination with LIF (9.1%; Table 1 ).
The effect of BIO on the undifferentiated status of porcine EG cells
To quantitatively examine the effect of BIO on the establishment of porcine EG cell lines, the efficiency of EG colony formation in the third passage culture was assessed among the BIO and other cytokine treatments. The efficiency was calculated by using the percent of the wells containing EG cell colonies per total number of wells in the third passage culture. Our results showed that porcine PGCs treated with BIO in combination with 3F resulted in a significantly higher rate of EG colony formation than other groups ( Table 2 ). The colonies showed positive expression of APs ( Fig. 2A ). Rare colonies (0/6-1/6) formed in single BIO treatment or combination treatment with LIF and BIO, in which the efficiency was even obviously lower than that in 3F group, indicating that BIO is not enough to replace 3F in the establishment of porcine PGCs. Previous reports on mouse PGCs showed that the ability to produce EG cells is coincident with the emergence of mitotic arrest and meiosis of male and female germ cells (Wylie 2000 , McLaren 2003 . And, no effects were observed on murine germ cells that were in mitotic arrest or that began meiosis at a later embryonic stage (Kimura et al. 2008) . Because of the limited information on the conversion between mitotic phase and meiosis phase of porcine PGCs, the effects of different cytokine combinations on porcine PGCs on different days of pregnancy still remain obscure. In this study, the efficiency in the establishment of EG cell lines from porcine embryos at the age of 24 and 28 days was analyzed and calculated using one-way ANOVA. To obtain more convincible results, we only calculated the data from the groups treated with 3F with or without BIO. The result showed that a significantly higher efficiency of porcine EG cell colony formation was displayed by porcine day 24 PGCs than by day 28 PGCs (60.4 vs 12.5%), though with a comparably limited number of PGCs. The treatment with BIO in combination with 3F was unable to result in the enhancement of the derivation efficiency of porcine EG cell colony derived from day 28 PGCs at the third passage.
Continuous culture of porcine EG cells was done on the new MEF feeder every 7-8 days. Porcine EG colonies were characterized by positive immunostaining of POU5F1, NANOG, and SSEA4 ( Fig. 2A) , and the positive expression of molecular pluripotent factors was characterized by RT-PCR detection (Fig. 2B) . One of the properties of pluripotent stem cells is their ability to differentiate into embryoid bodies (EBs) in vitro. After 2 days of culture in 'hanging drop', the cells began to aggregate and simple EBs were formed by day 5. On days 7 and 8, the EBs started to form cavities. More EBs were observed from porcine EG cell which were cultured under the treatment with 3F and treatment with BIO in combination with 3F. RT-PCR analysis confirmed the expression of AFP, GATA6, and NESTIN genes, which are the marker genes of three germ layers (Fig. 2C ), and no EB was observed in BIO treatment group or in the group treated with the addition of LIF alone.
The effect of BIO supplementation on the differentiated EG cells from EBs
The effect of combination of different cytokines on the differentiated EG cells from EBs was investigated in this study. The EBs were dissociated into single cells by chemical digestion and repeated pipetting. Then, the dissociated cells were replated in new MEF layers and cultured in the presence of different cytokines. Cell morphology was observed under a microscope 7-8 days later. The results showed that the differentiated EG cells derived from EBs again exhibited the characteristic stem cell-like colony features after the combined treatment with BIO and 3F, similar to the smaller undifferentiated EG colonies in the primary culture ( Fig. 3) . By contrast, the combined treatment with BIO and LIF did not produce any change in morphology different from that of the ES cells. RNA was extracted from putative EG colonies under the treatment with different cytokine combinations. After conducting control experiments to determine the cycle numbers for unsaturated amplification (see Table 3 for the number of cycles), samples were subjected to RT-PCR amplification of POU5F1 and NANOG. Then, the PCR products were electrophoresed at 150 V on a 1.5% (wt/vol) agarose gel. Next, the optical density (OD) value of POU5F1, NANOG, and ACTB genes was measured from the gel image using 'Gel-Pro Analyzer 4.0' software, and the relative OD ratio of POU5F1 and NANOG per ACTB was calculated. The result of semi-quantitative RT-PCR is presented in B form in Fig. 4 . POU5F1 and NANOG genes as ES-specific transcription factors have been reported to play essential roles in the maintenance of undifferentiated status of ES cells (Mitsui et al. 2003 , Brevini et al. 2007 , and their expression intensity is highly correlated with undifferentiated status of EG cells. As shown in Fig. 4 , BIO Table 2 The effect of combined treatment with 6-bromoindirubin-3 0oxime (BIO) and various factors on the efficiency of porcine embryonic germ (EG) cell colony derived from day 24 and 28 primordial germ cells (PGCs).
Cytokines
BIO ( Effect of BIO on maintenance of porcine EG cells treatment combined with 3F apparently enhanced the induced re-expression of POU5F1 and NANOG genes in the differentiated EG cells, and maximum expression intensity was displayed following 3F treatment. Relatively, the expression of POU5F1 and NANOG genes was almost undetected during the treatment with LIF and BIO after 7 days of culture. Taken together, the re-appearance of stem cell-like morphology and re-expression of pluripotent factors indicated that BIO in combination with 3F could reverse the differentiated status of EB cells to EG cells.
Discussion
Maintenance of the self-renewal potential is currently a major challenge for in vitro culture of porcine stem cells because porcine PGCs isolated from the niche in vivo rapidly undergo apoptosis in culture if they are not treated promptly (Pesce & De Felici 1994) . It is essential for the PGCs to reprogram into EG cells to adapt to the environment in vitro and start to proliferate as soon as possible. The mitotic activity and the survival of PGCs strongly correlate with the efficiency of cell cultureinduced reprogramming. In this study, BIO, the inhibitor of GSK3, in combination with FGF, LIF, and SCF could further improve the survival of porcine PGCs in in vitro culture. Moreover, this synergistic action of BIO and 3F helped to maintain the undifferentiated status of EG cells, showing the ability of increasing the efficiency of EG cell colony in the third passage culture, but also reversed the differentiated status of EB cells to EG cells.
BIO when used individually may maintain mouse ES cells in the undifferentiated state by the combinatorial effect of activating both the canonical WNT signal and the LIF signal simultaneously (Hao et al. 2006 , Ogawa et al. 2006 ), but in this study, BIO neither individually nor in combination with LIF in the concentration used resulted in a derivation efficiency of porcine EG cell lines that was similar to that induced with 3F with or without BIO, indicating that the BIO signal mediated by the canonical pathway is not sufficient to replace the role of SCF and FGF in the maintenance of the pluripotency of a porcine EG cell colony. Besides this, the combination of BIO and 3F could further enhance the effect of 3F in porcine EG cell culture, which not only increased the efficiency of EG cell establishment in the third passage culture, but also reversed the differentiated status of EB cells to EG cells by displaying the change in the morphological aspects and pluripotent gene expression.
However, the effect of BIO combination on the derivation efficiency of day 28 porcine PGCs was weak, which led to the question whether the efficiency variation in porcine EG cell colonies derived from PGCs aged day 24 and 28 is caused by intrinsic genetic factors, or environmental changes. Porcine PGCs appear to migrate from the dorsal mesentery of the hindgut (day 18) to the genital ridge (day 23), which corresponds to approximately day 10.5 in mice (Molyneaux et al. 2001) , and finally enter the genital ridge by day 26 (Takagi et al. 1997) . Regarding the derivation efficiency of porcine EG cell lines from porcine PGCs obtained on different days of pregnancy, previous reports showed that porcine PGCs derived from the 26-day genital ridge showed no proliferation (Takagi et al. 1997) , or decreasing proliferation potential with increasing embryonic age past day 26 of pregnancy (Petkov & Anderson 2008) . Hence, based on published and our data, it may be inferred that day 28 porcine PGCs may have entered mitotic arrest already, or that meiosis had begun. It is hard to retrieve the lower derivation efficiency of EG cell lines from porcine embryos at ages up to 28 days of pregnancy, no matter whether they are supplemented with BIO or not. Presently, the mechanism through which the synergistic effect is exerted in cellular processes remains obscure. Previous reports showed that functions of GSK3 inhibitors are utilized by the activation of b-catenin, the key downstream factor of the canonical WNT/b-catenin signaling pathways, which then interacts with T-cell/lymphoid enhancer-binding factor, which is one of the key downstream transcription regulators of the WNT pathway that influence transcription of target genes including POU5F1 and NANOG. FGF may also inhibit GSK3B activity and activate Ca 2C signaling just like GSK3 inhibitor in canonical WNT/b-catenin signaling pathways (Gordon & Nusse 2006 , Katoh 2006 , 2007 . Thus, it may be inferred that the inhibitor of GSK3 may converge FGF to the catenin signaling cascade, and enhance its nuclear accumulation, which further enhances the expression of ES transcription factors.
Besides this, both SCF and FGF are multipotent growth factors that have been implicated to be important in various aspects of animal development, including maintenance of the viability of primordial germ cells (Zhang & Anthony 1994) . As a survival factor or a mitogen in culture, soluble SCF may promote PGC proliferation synergistically with FGF in the absence of membrane-bound SCF (Kawase et al. 2004) . Moreover, LIF and WNT/b-catenin signaling pathways have also been reported to have a synergistic effect, and have been used successfully in the establishment of mouse EG cell lines (Ogawa et al. 2006 ). So the cross-talk mechanisms between SCF, FGF, and LIF and the inhibitor of GSK3 are Figure 3 The re-appearance of porcine stem cell-like morphology in combined treatment with BIO and 3F after the reseeding of porcine differentiated EG cells derived from EBs. A1-2. No apparent morphological change in porcine differentiated cells was observed before and after the combined treatment with LIF and BIO; B2-4. Very few cells with positive immunostaining of NANOG and SSEA4 appeared following the treatment with 3F. Necrotic cells were observed in some colonies. C2-4. Apparent colonies appeared on the seventh day following the combined treatment with BIO and 3F, with a fewer colonies comparable with those in the primary culture. 
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complicated, which need to be further ascertained, especially around the involvement of these signaling pathways in the early reprogramming process of PGCs into EG cells.
In conclusion, our results demonstrate that BIO in combination with FGF, LIF, and SCF can support the survival and growth of porcine PGCs as well as maintain the undifferentiated status of porcine EG cell colony.
Materials and Methods

Preparations of porcine embryos
Embryos were obtained from inseminated Yorkshire pigs in a local farm. The day of insemination was considered as day 0, and the pregnant pigs were killed on day 24 and 28 of gestation respectively. The embryos were collected immediately from the reproductive tracts. A total of 17 embryos from two sows of day 24 pregnancy and 15 embryos from two sows of day 28 pregnancy were used in the study. The average lengths of porcine embryos on day 24 and 28 were 15 and 22 mm respectively.
Isolation and culture of porcine PGCs
Porcine PGCs were isolated from genital ridges and dorsal mesenteries of day 24 porcine embryos and genital ridges of day 28 embryos, and the procedure is described in the previous reports (Tsung et al. 2003 , Petkov & Anderson 2008 . The released porcine PGCs were plated on mitomycin-C (Sigma)treated MEF feeder cells at a density of 0.4 embryos/well (24-well plate, and each well contained PGCs from mixed gonads diluted to the number equivalent to 10% PGCs of an embryo, which was tested to be feasible by previous trials) for day 24 embryos and at a density of 0.25 embryos/well for day 28 embryo, and were cultured in the presence of BIO with or without cytokines for the derivation of porcine EG cell lines.
The seeding density of MEF feeder cells was 1!10 5 /cm 3 . Culture medium was composed of high glucose DMEM (Invitrogen Corporation) and 15% FBS (fetal bovine serum; HyClone Company, Logan, UT, USA) supplemented with glutamine (2 mM, Sigma), nonessential amino acids (1%, Sigma), b-mercaptoethanol (0.1 mM, Sigma), and cytokines. Cytokines used in this study include human LIF (10 ng/ml, Sigma), soluble recombinant human SCF (20 ng/ml; R&D Systems, Minneapolis, MN, USA), human basic FGF (10 ng/ ml, Invitrogen), and BIO (0.5 mg/ml, Sigma). Culture was done at 39 8C in 5% CO 2 and 95% air in a humidified atmosphere.
All the colonies in the primary cultures were passed onto new MEF feeder cells at the ratio of 1:4 after 7-8 days of primary culture in the 24-well plates, and were then subjected to the third passage culture in the splitting ratios of 1:2-1:6 depending on the cell proliferation status. Successive culture was done in the presence of the growth factors that were used in primary culture. On day 5 of the third passage culture, the wells containing EG cell colonies per the total wells were counted to evaluate the derivation efficiency.
Characterization of porcine EG cell colony
The activity of AP was detected using AP staining kit (Chemicon, Temecula, CA, USA) according to the manufacturer's instructions. The immunostaining of NANOG, POU5F1, and SSEA4 was performed as described in the previous reports (Petkov & Anderson 2008) . Immunostaining of EG cell colony was examined by fluorescence microscopy. The expression of molecular pluripotent factors was detected by RT-PCR technology. First, RNA was extracted from the EG colonies using miniRNA extraction (Qiagen), and then subjected to PCR amplification of POU5F1 and NANOG. The primers for POU5F1, NANOG, and ACTB are listed in Table 3 . Polymerase chain reactions were performed using a 25-l volume reaction mixture containing 25 ng of porcine cDNA, 10! PCR buffer, 0.2 M of each primer, 150 M of each dNTP, and 1 U of TaqDNA polymerase (Promega). The PCR amplification was carried out for one cycle with denaturing at 94 8C for 5 min, and subsequent 30 cycles with denaturing at 95 8C for 30 s, annealing for 30 s, extension at 72 8C for 30 s, and a final extension at 72 8C for 15 min. PCR products were examined via 1.5% agarose gel electrophoresis.
Brdu incorporation assay
Brdu incorporation assay was used to detect the proliferation of porcine PGCs in the primary culture, and we referred to the procedures employed in the previous reports (Gage 2000 , Dyce et al. 2004 ), but with some modifications. First, porcine adherent PGCs on day 2 of the primary culture were treated with 30 mg/ml Brdu, a homolog of thymine, for 20 h, and were then subjected to Brdu immunostaining as follows: cells were fixed in 4% paraformaldehyde for 15 min at room temperature, and washed with PBS (pH 7.4) containing 0.1% Triton X-100 for 5 min three times. The wash buffer was removed, and the cells were incubated in HCl (1 mol/L) for 10 min on ice to break the DNA structure of the cells. This was followed by incubation in HCl (2 mol/L) for 10 min at 37 8C. Immediately, Figure 4 The re-expression of NANOG and POU5F1 genes from the putative stem cell-like colonies during the combined treatment with BIO and 3F after the reseeding of porcine differentiated EG cells derived from EBs. The result of electrophoresis and corresponding semiquantitative RT-PCR analysis of NANOG and POU5F1 genes shown in A and B demonstrates that combined treatment with BIO and 3F followed by 3F treatment resulted in maximum expression of NANOG and POU5F1 genes. And, the expression of these was almost invisible in the treatment with LIF in combination with BIO.
borate buffer (0.1 M) was added to buffer the cells for 10 min at room temperature, and then the cells were washed three times in PBS (pH 7.4) with 0.1% Triton X-100 for 5 min at room temperature. Anti-Brdu (1:500, Sigma) dissolved in 0.1 M PBS (pH 7.4) containing 0.1% Triton X-100 and 5% normal goat serum was added, and the cells were incubated overnight at 4 8C. Cells were washed in PBS (pH 7.4) with 0.1% Triton X-100 three times, and were then incubated with the secondary antibody (FITC, Sigma 1:500) for 1 h at room temperature. After being washed three times, the cells were visualized under a fluorescent microscope and analyzed for Brdu uptake in the primary culture.
The formation and dissociation of porcine EBs
The regular procedure of 'hanging drop' was used for the formation of porcine EBs. First, the EG colonies were trypsinized and disaggregated to single cells with few small cell fragments in PBS with 0.25% trypsin. Then, the dissociated EG cells were aggregated in a hanging drop medium without any cytokines for 3 days, and then transferred to the same culture medium for suspension culture for 4-5 days to induce differentiation. The EBs may continue to grow on gelatincoated tissue culture dishes for a long time. RT-PCR amplification was done to detect the gene expression of NESTIN, GATA6, and AFP, which are the marker genes of three germ layers respectively. The corresponding primers and PCR conditions of PCR are listed in Table 3 . The dissociation of porcine EBs into single cells was done in 0.25% trypsin for 10 min at room temperature, accompanied by digestion with repeated pipetting using a pasteur pipette with a heat-polished and narrowed opening. Then, the dissociated cells were replated in the MEF layers and cultured in the presence of different cytokines.
Statistical analysis
All data were analyzed using one-way ANOVA in a statistical analysis systems program (SPSS Inc., San Raphael, CA, USA) to determine differences between the experimental groups. Differences were considered significant when P!0.05.
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